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ABSTRACT  Age-related diseases, such as kidney diseases, are becoming more prevalent in aging 
societies. Currently, patients with reduced kidney function require dialysis or organ transplants. 
Those who suffer from kidney disease would benefit from regenerative therapies. Thus, one of the 
ultimate goals of regeneration research is to enhance an individual’s capacity of self-repairing dam-
aged tissue; something that fish models can contribute towards. Kidney structures are conserved 
among vertebrates highlighting the opportunities for fish to act as human disease models. Here, 
different species can offer respective advantages. An understanding of the different modes of re-
generation can help to visualize the differences in mammalian and fish regenerative capacity. The 
remarkable regenerative capacity of fish is well known, but kidney regeneration is an understud-
ied area.  The kinetics of kidney regeneration allows one to investigate early damage responses, 
as well as the initiation and completion of repair. Age-related reductions in regeneration are an 
additional societal problem; again an area where fish models can be of help. Age-matched experi-
ments between varied vertebrate species will help us to learn from those that do or do not exhibit 
age-related phenotypes. The goal of such experiments is not only to outline important age-related 
factors and pathways, but, in addition, to see if age-related decreases in regenerative capacity can 
be reduced. Widening our knowledge of this very complex process will help to address many of 
the unanswered questions in the field. 
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Introduction

The kidney is an indispensable organ that regulates metabolic 
waste removal and fluid balance. Mammalian kidneys have only 
limited proliferative and regenerative potential. Thus, kidney 
diseases can lead to life-threatening complications. In our aging 
society, the incidence of renal insufficiencies is predicted to increase 
(PHE, 2014) and highlights the need for new and efficient thera-
peutic approaches. Modeling human diseases in other vertebrate 
species can contribute to a better understanding of the underlying 
mechanisms and support biomedical research.

The kidney is an organized labyrinth of tubes. Kidneys of adult 
humans filter approximately 180 liters of blood daily, with sub-
sequent efficient reabsorption of the filtrate retrieving it into the 
circulation. Among vertebrates, the basic composition of the kidney 
is conserved. In particular, the structure and the development of 
the filtering units, the nephrons, show high similarities. Various fish 
models have been recognized as valuable systems to investigate 
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renal function and development, but also to model renal diseases 
such as acute kidney injuries. This review will focus on models 
of kidney disease in fish and how these can impact future clinical 
and basic research.

Comparative kidney structure and function

Mammalian kidneys have multiple roles. They excrete metabolic 
waste products into the urine, perform osmoregulation, reabsorb 
metabolites and balance acid-base levels. In addition, kidneys 
are capable of secreting hormones and regulating systemic blood 
pressure, bone calcification and the stimulation of red blood cell 
production (Ferenbach and Bonventre, 2016). The kidney in mam-
mals has a highly organized structure that can be anatomically 
divided into the cortex and the medulla. The functional units of the 
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kidney are named nephrons and are mainly organized in the renal 
cortex. They show a specific segmentation (Fig. 1) responsible for 
the filtration of the blood, with subsequent reabsorption of 99% of 
the filtered electrolytes and water, and 1% excretion into the urine 
(Zhuo and Li, 2013). 

Each segment of the nephron is composed of different cell 
types. The most proximal part is the glomerulus that consists of a 
capillary loop bound by mesangial cells, enveloped in podocytes, 

In both zebrafish (Danio rerio) and a distant relative the African 
Killifish (Nothobranchius furzeri) the kidney consists of a flattened 
structure located along the dorsal inner body wall. In Danio rerio 
there are morphologically separable head, trunk and tail kidney, in 
which nephrons can be detected. In contrast, in N. furzeri, there is 
only the head part of the kidney found, which is clearly enlarged 
compared to the zebrafish (Fig. 2) (Mccampbell et al., 2015; Sander 
and Davidson, 2014). 
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Fig. 1. Organization of  the mammalian kidney and nephron. (A) Fluorescent 
image of a two-month-old mouse kidney (Rosa26-flTomatofl-EGFP(B6);Pod-cre) 
where glomeruli are labeled in green and all other structures remain red. (B) 
Diagrammatic representation of nephron compartments. G, glomerulus; PCT, 
proximal convoluted tubule (Segments 1 + 2); PST, proximal straight tubule; DTL, 
descending thin limb; ATL, ascending thin limb; TAL, thick ascending limb; MD, 
macula densa, DCT, distal convoluted tubule; CNT, connecting tubule. Scale bar 
in A, 1 mm. Panel (B) adapted from (Li and Wingert, 2013).

Fig. 2. Comparison of fish kidney structures. Adult fish were injected with a 40 kDa fluorescently labeled Dextran in order to visualize the proximal 
tubule. Signals are observed throughout the head-, trunk- and tail portions of the D. rerio kidney, while in N. furzeri, tubules are mainly detected in the 
head portion. Figure adapted from Hoppe et al. (2015).

and enclosed by Bowman’s capsule (Costantini and Kopan, 
2010). Podocytes are specialized epithelial cells that possess 
a basket-like extension of cellular processes around the blood 
capillaries. The basement membrane between podocytes and 
capillary endothelial cells, together with specialized junctions 
between the podocyte processes form the blood filtration bar-
rier. It allows passage of small molecules, ions and fluids, while 
retaining cells and macromolecules in the blood (Drummond 
and Davidson, 2010). The filtrate flows from the glomerular 
space into the joining nephron tubule. The tubule is composed 
as a pipe of mainly epithelial cells surrounded by a basement 
membrane (Li and Wingert, 2013) and is divided into multiple 
specialized segments. The epithelial cell populations that make 
up each tubule segment have a distinct cellular morphology 
and are characterized by an unique sets of solute transport-
ers to perform discrete roles in modifying the glomerular 
filtrate (Davidson, 2008). In mammalian kidneys the ‘Loop of 
Henle’ (DTL and ATL see Fig. 1) is a specialized structure for 
concentration of urine. 

When comparing the kidneys of mammals and fish species, 
the overall organization differs. In mammals, the kidneys are 
two bean-shaped organs found below the ribcage on either 
side of the spinal column. They display a high grade of orga-
nization, with aligned nephrons situated in defined regions 
of medulla and cortex, while fish kidneys are less organized. 
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Within all parts of the kidney the nephrons are homogeneously 
distributed, randomly oriented and interfused into hematopoietic 
tissue which forms a matrix around the nephrons. Although the 
kidney architecture varies between vertebrates, the specific seg-
mentation of the nephrons is broadly conserved (Mccampbell and 
Wingert, 2014; Wingert and Davidson, 2008). As in mammals, 
zebrafish nephrons consist of a glomerulus, proximal and distal 
tubule segments and the collecting duct (Mccampbell et al., 2015; 
Mccampbell and Wingert, 2014). However, zebrafish nephrons 
do not develop a loop of Henle but show a branching of the distal 
tubules (Mccampbell and Wingert, 2014). Furthermore, special-
ized cell types and orthologues of tubular segment marker genes 
are highly conserved between the species (Wingert and David-
son, 2008). Based on these similarities in nephron composition, 
fish species have emerged as favorable models to study human 
kidney diseases.

Types of regeneration

Vertebrate kidneys show specific regenerative responses after 
nephron damage. The first type of response to restore nephron 
functionality has been designated classically as “renal regenera-
tion” or “tubular regeneration” (Mccampbell et al., 2015; Reim-
schuessel, 2001). It describes a local self-repair of nephrons with 
intact basement membrane after a limited injury (Fig. 3). In this 
process, an initial phase of cell death and detachment of tubular 
cells from the basement membrane is followed by an initiation of 
cellular proliferation of either dedifferentiated cells or resident stem/

patterns as observed during nephrogenesis in developing vertebrate 
kidneys, eventually forming a new functional nephron (Davidson, 
2014; Reimschuessel, 2001). 

The regenerative capacity of the mammalian kidney

When trying to better understand human disease, animal models 
have proven incredibly informative. Understanding the onset and 
subsequent response to damage and repair in an organismal set-
ting is necessary for basic research. Mammalian models of acute 
kidney injury (AKI)  have been performed in murine models (Sho-
skes et al., 1990; Wei and Dong, 2012) and have included surgical 
approaches to induce ischemia/reperfusion injuries (Duffield et al., 
2006) and injection of nephrotoxins such as Cisplatin (Ramesh and 
Reeves, 2003). In addition, a more recent publication describes a 
renal cryo-injury model aimed at uncovering endogenous damage 
and repair processes (Abdulmahdi et al., 2015). 

Mammalian kidneys have developed regenerative strategies to 
restore their integrity after damage, but also to manage cell turn-
over to ensure continuous nephron maintenance. For mammals, 
it has never been reported that their kidneys have the capability to 
form new nephrons via “neo-nephrogenesis”, once nephrogenesis 
is completed in the embryo or neonate (Fine, 1986; Hartman et 
al., 2007; Larsson et al., 1980). Instead, the answer to kidney 
damage is a combination of “tubular regeneration” responses, to 
repair the nephric epithelium along the intact basement membrane 
(Humphreys et al., 2008), and “compensatory renal hypertrophy” 
to substitute for the loss of not repairable nephrons (Hayslett, 
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Fig. 3. Visualization of kidney regeneration models. Neonephrogenesis is defined as the de novo 
formation of tubules from a resident progenitor/stem cell. Tubular regeneration describes a process 
where either existing tubular cells dedifferentiate or resident progenitor/stem cells within existing tubules 
repopulate damaged tissue.

progenitor cells and migration along 
the tubule, leading to a repopulation of 
the existing nephron (Davidson, 2011; 
Reimschuessel, 2001). 

A second strategy of the vertebrate 
kidney to restore nephron function is 
called “compensatory renal hypertro-
phy”, meaning an enlargement of kidney 
size by cellular proliferation (Fine, 1986; 
Kaufman et al., 1975; Reimschuessel, 
2001). After injury, surviving nephrons 
enhance the excretion of metabolic 
waste by increasing their single nephron 
filtration rate and undergo morphologi-
cal changes, such as expanding their 
glomeruli diameter and proximal tubule 
cell volume (Davidson, 2011). This re-
generative strategy mimics the enlarge-
ment of nephrons seen during postnatal 
growth in mammals, suggesting that 
both processes may be induced by a 
common mechanism (Davidson, 2011). 

The last renal repair response des-
ignated as “neo-nephrogenesis” is a 
process of generating entire nephrons 
de novo after injury (Davidson, 2011, 
2014; Reimschuessel and Williams, 
1995). The source of newly forming 
nephrons was traced to proliferating 
mesenchymal cell clusters that once 
induced follow similar developmental 
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1979; Mccrory, 1972). 
Both processes require proliferative cells. Although the source of 

cells has been demonstrated to be nephron-intrinsic (Humphreys 
et al., 2008), their identity remains still controversial. There is given 
evidence, that reparative programs of the nephric tubules depend 
on surviving tubular cells that dedifferentiate and undergo epithelial 
to mesenchymal transition to become proliferative and migratory 
(Bonventre and Yang, 2011). Consistent with this, it was shown 
that the renal epithelium is not quiescent. Many tubular epithelial 
cells in uninjured nephrons are arrested in the G1 phase, waiting 
for a rapid recruitment into the cell cycle and allowing a renal 
repopulation after injury (Vogetseder et al., 2008). However, this 
mechanism does not exclude the coexistence of specialized stem or 
progenitor cells within the nephron. Several candidate populations 
have been proposed. Researchers have identified renal progeni-
tor cells scattered along the tubular epithelium and located within 
the Bowman’s capsule of the glomerulus, that are suggested to 
give rise to tubular and glomerular cell types (Benigni et al., 2010; 
Bussolati et al., 2005; Hopkins et al., 2009). In addition, Lazzeri et 
al., has demonstrated existence of bipotent progenitor populations 
located at the urinary pole of the glomerulus that can give rise to 
both tubular epithelium as well as glomerular podocytes (Lazzeri 
et al., 2010; Ronconi et al., 2009). 

Taken together, there are several indications that mammalian 
nephrons harbor cells with a robust proliferation capacity sufficient 
to perform epithelial replacement. While “tubular regeneration” and 
“compensatory renal hypertrophy” processes enable for a partial 
rescue from nephron damage, kidney regeneration remains a 
limited process in mammals and can even lead to insufficiencies 
in kidney function. A continuous loss of nephrons as well as pro-
longed hyperfiltration caused by extended hypertrophy eventually 
lead to glomerular injury, toxic proteinuria and kidney sclerosis 
(Brenner, 1985).

Kidney diseases

Humans are affected by a wide spectrum of renal diseases, 
ranging from minor dysfunctions to kidney failure, which requires 
organ replacement therapies by dialysis or kidney transplanta-
tion. In general, a sudden damage of the kidney as induced by, 
e.g. ischemia reperfusion injury or nephrotoxic agents is termed 
“acute kidney injury” (AKI). Slow progressive loss of tubules and 
ongoing fibrosis can lead to “chronic kidney disease” (CKD). AKI is 
a life-threatening disease, characterized by an increase in serum 
creatinine levels and a decrease in urine volume. Due to secondary 
complications such as pulmonary edema, high potassium levels 
in the blood (hyperkalemia) and metabolic acidosis, AKI has a 
world-wide mortality rate of between 30% and 50% (Yaklin, 2011). 
In the United States of America the total number of deaths from 
AKI doubled from 18,000 to 39,000 between 2000 and 2009 (Hsu 
et al., 2013). As such, AKI is a large socio-economical problem in 
our increasingly populated and aging society. 

Morphologically, AKI manifests in different, overlapping phases 
starting with the appearance of dedifferentiated cells at the injury 
site, followed by morphological changes of the cells in the proxi-
mal tubule. As a consequence, cells detach from the basement 
membrane, undergo apoptosis or necrosis (in severe and rapid 
cases) and can be seen as cellular casts in the lumen causing 
tubular destruction downstream of the lesion site (Mccampbell et 

al., 2014). Many molecular pathways are involved in the ensuing 
damage response; such as activation of transcription factors like 
hypoxia induced factor (HIF) and NF-kB, Toll-like receptor (TLR) 
signaling and inflammatory processes (Basile, 2007; Eltzschig and 
Carmeliet, 2011; Havasi and Borkan, 2011; Leemans et al., 2005). 

When loss of renal function proceeds over a long period, CKD 
develops, which can lead to end-stage renal disease (Chawla 
and Kimmel, 2012). The complex pathophysiology of CKD by 
progressive scarring is usually too severe to be repaired. Due to 
chronic lesions, remaining nephrons try to increase functionally 
by intra-glomerular hypertension and hyper-filtration (Benigni et 
al., 2010). This leads to further renal damage, such as excessive 
accumulation of ultra-filtered proteins in the Bowman’s space 
and the lumen of the tubules. As a consequence, mitochondrial 
oxidative stress, expression of epithelial growth factor receptors 
(EGFR) and other factors can lead to glomerulosclerosis (Bollee 
et al., 2011; Daehn et al., 2014). It is thought that one of the main 
causes of progression from AKI to CKD is an increase of reactive 
oxygen species (ROS). ROS are formed as a consequence of 
increased oxygen consumption in the proximal tubules, because 
of increasing levels of nephrotoxic indoxyl sulfate (Barreto et al., 
2009; Palm et al., 2010). The progression from AKI to CKD will be 
a very important aspect of future research. However, this review 
will concentrate on models of AKI in fish species, both at larval 
and adult stages.

The remarkable regenerative capacities of fish

Compared to kidney regeneration in mammals, adult fish kidneys 
have a different strategy to maintain and restore their functionality. 
It has been demonstrated that different fish species like goldfish 
(Reimschuessel et al., 1990b), trout (Reimschuessel et al., 1993), 
catfish (Cormier et al., 1995), toadfish (Brown and Reimschuessel, 
1998), medaka (Watanabe et al., 2009) and zebrafish (Diep et al., 
2011) have a remarkable regenerative ability to recover from an 
acute kidney injury. In response to nephrotoxins they undergo a 
two-phase repair mechanism (Reimschuessel et al., 1990c). Initially, 
fish kidneys perform a repair of existing nephric tubules via “tubular 
regeneration”, leading to the re-population of the basement mem-
brane with epithelial cells consistent with what has been found in 
mammalian models (Augusto et al., 1996; Reimschuessel, 2001; 
Reimschuessel et al., 1990c, 1993). The origin of proliferating 
progenitor cells in this response has not yet been identified, but it 
is suggested that underlying mechanisms are similar to mammals 
(Kusaba and Humphreys, 2014).

The second repair response enables fish to compensate ef-
ficiently for the loss of nephrons after an acute injury. A major 
difference between fish and mammalian kidneys is their potential 
for ongoing nephrogenesis in adults (Reimschuessel, 2001). Fish 
continue to add nephrons throughout their lifespan and have the abil-
ity to significantly increase nephrogenesis after an injury (Augusto 
et al., 1996; Brown and Reimschuessel, 1998; Elger et al., 2003; 
Reimschuessel, 2001; Reimschuessel et al., 1990c; Watanabe 
et al., 2009; Zhou et al., 2010). The capacity to generate entire 
nephrons de novo has been traced to nephrogenic aggregates that 
appear during kidney regeneration and give rise to new nephrons 
in a process that recapitulates developmental nephrogenesis (Diep 
et al., 2011; Zhou et al., 2010) but also follows the same pattern of 
development as is observed during nephrogenesis in developing 
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mammalian kidneys ((Reimschuessel, 2001). A major question that 
remains is about the origin and identity of cells that contribute to 
these cell clusters. Whether they arise from stem cells, progenitors 
cells or terminally differentiated cells, and if they are of intra- or 
extra-tubular origin has to be investigated. 

Among animals that have been used for developmental and 
regenerative studies of the kidney, the zebrafish has become a 
favorable model organism (Mccampbell and Wingert, 2014). It has 
been shown that zebrafish embryos, larvae and adults can model 
kidney diseases of humans, including AKI caused by tubular or 
glomerular damage (Mccampbell and Wingert, 2014; Zhou and 
Hildebrandt, 2012), but also other common nephropathies like 
polycystic kidney disease (Drummond et al., 1998). This is based 
on the high conservation of nephron structures, cell types, devel-
opment and functionality between mammals and fish (Drummond 
et al., 1998; Sander and Davidson, 2014; Wingert and Davidson, 
2008; Wingert et al., 2007). In addition zebrafish harbor an amazing 
regenerative potential. This includes the ability to restore nephron 
epithelia and to form entirely new nephrons. Zebrafish show de 
novo formation of kidney structures after an injury, a major differ-
ence to mammals that can complement research in traditional 
AKI models such as the mouse and rat (Mccampbell and Wingert, 
2014; Romagnani et al., 2013).

Zebrafish is a well-established genetic model with a steady 
increase of transgenic reporter lines and CRISPR/Cas9-mediated 
mutants. This allows studying of specific cell types and fates (Zhou 
and Hildebrandt, 2012) and supports transplantation assays to 
prove stem-cell capabilities (Diep et al., 2011). Analysis of kidney 
regeneration is much improved by newly established methods to 
determine the structure and functionality of nephrons (Mccampbell 
et al., 2015). This comprises standard histological stains, such 
as hematoxylin and eosin but also complex immunological stains 
with zebrafish specific antibodies, both on tissue section and in 
whole-mount. Furthermore, numerous solute transporters and 
renal transcription factors have been identified and assigned to in-
dividual segments of the zebrafish nephron (Wingert and Davidson, 
2008; Wingert et al., 2007). One of these, the sodium-dependent 
phosphate transporter slc20a1a, is specifically found in the proxi-
mal tubule epithelium of zebrafish and mammalian kidneys, and 
slc20a1a transcripts are transiently abrogated after gentamicin 
administration (Diep et al., 2011). Similarly, alkaline phosphatase 
reactivity has been shown to be a specific feature of the luminal 
surface of proximal tubules in nephrons, meaning one can follow 
structural changes in this segment (Mccampbell et al., 2014, 2015). 
To visualize kidney functionality in the zebrafish, injections of 40 

kDa Fluorescein-isothiocyanate-labeled dextran (Dextran-FITC) is a 
significant method. The fluorescent sugar is selectively reabsorbed 
in the proximal parts of the tubules. Functional destruction of this 
segment is indicated by an inability to reabsorb Dextran-FITC 
(Diep et al., 2011). Taken together, zebrafish represents a unique 
tool to investigate temporal and spatial progress of regeneration.

Modeling acute kidney injury in fish
In 1990, hexachlorobutadiene-induced nephrogenesis was 

used as a model of recovery in adult goldfish (Reimschuessel et 
al., 1990a), with newly formed nephrons marked as basophilic 
structures in H&E staining. Gentamicin, another injury model, is 
a nephrotoxic aminoglycoside (AG) antibiotic, which affects the 
proximal parts of the tubule leading to a dose-dependent apop-
tosis (Laurent et al., 1983) or necrosis of tubular epithelial cells 
(Edwards et al., 2007). Traditionally, AGs are used in infections 
with gram-negative bacteria and bacterial endocarditis (Chen and 
Kaye, 2009) and are, despite their side effects, the most effective 
treatment against germs insensitive to other antibiotics. Classical 
clinical manifestations of AG toxicity are, among others, proteinuria, 
increase in plasma creatinine and electrolyte alterations (Parsons 
et al., 1997), signs that are also observed during AKI. 

The first published use of gentamicin’s efficacy as a nephrotoxin 
in adult fish was performed in goldfish (Reimschuessel and Wil-
liams, 1995). Similarly to the earlier work with hexachlorobutadiene, 
gentamicin treatment induced an increase in developing tubules 
in adult fish. Gentamicin has also been used in larval zebrafish 
experiments (Cianciolo Cosentino et al., 2010; Hentschel et al., 
2005). Injection into the larval bloodstream of zebrafish led to an 
increased occurrence of edema. In addition, with the application 
of a novel rhodamine-dextran clearance assay, it was shown that 
gentamicin reduced larval glomerular function (Hentschel et al., 
2005). This approach also became the basis for a novel small 
molecule screen, searching for substances that could improve 
regeneration (Cianciolo Cosentino et al., 2013). It was not until 
2010 that the regenerative response of the adult zebrafish to 
Gentamicin-induced kidney damage was described (Zhou et al., 
2010). Utilizing two important zebrafish kidney markers, wt1b 
(developing tubules) and podocin (developed glomerulus), the 
authors showed that the number of tubules is positively correlated 
with body weight and age suggesting that neonephrogenesis is 
a life-long process in zebrafish (Zhou et al., 2010). In addition to 
the descriptive aspects of this work, functional AKI modeling with 
gentamicin in the wt1b and podocin reporter lines allowed certain 
populations of kidney cells to be investigated during adult kidney 
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Fig. 4. Kidney regeneration ki-
netics in fish. Example pictures 
of Dextran uptake in control, dam-
aged and recovering animals. One 
can see that uptake is lost upon 
damage and recovered following 
regeneration. Scale bar, 1 mm. Part 
of the figure is adapted from Hoppe 
et al. (2015).
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regeneration. With significantly higher numbers of wt1b-positive 
nephrons seen throughout regeneration, wt1b became an important 
marker of tubular regeneration in zebrafish.

With the gentamicin protocol established, a more mechanistic 
study uncovered further aspects of kidney regeneration in the 
zebrafish (Diep et al., 2011). With further data suggesting that 
new nephrons are created throughout life, the authors utilized a 
combination of methods to better describe in detail, the processes 
of regeneration. In addition, the presence of nephron progenitors 
was explored with transplantation studies. One very helpful tool 
was introduced in this publication; that the selective uptake of a 
40kDa tagged sugar can be used as readout of regeneration (Fig. 
4). Following this breakthrough discovery, additional publications 
have increased the tool kit of those investigating kidney regen-
eration in zebrafish. In 2014, an atlas of markers was published 
(Mccampbell et al., 2014). Covering many aspects of histological 
staining of the adult kidney during regeneration, working markers 
for proliferation and cell death were combined with markers of both 
the proximal and distal tubules. In this readout of regeneration, an 
in situ-based quantification of tubular recovery allows research-
ers to look for differences in regeneration at different time points 
and under different experimental conditions (Mccampbell et al., 
2014). Another publication, which will contribute to the success 
of kidney regeneration experiments, was published in 2015. The 
work concentrates on how one can be sure of inducing AKI in the 
adult animal, without having to sacrifice the animal (Kamei et al., 
2015). It is now clear that following AKI, adult zebrafish excrete 
extra waste into the water. Due to death of the kidney epithelial 
cells, tubular renal casts are formed. These accumulate in the 
collecting ducts of the fish and are passed into the water by the 
fish. This screening possibility avoids the further use of non-injured 
fish in an experiment, ensuring the use of animals with high-level, 
non-lethal AKI (Kamei et al., 2015). 

Kinetics of regeneration
Shortly after application of the nephrotoxin gentamicin, epithelial 

cell death occurs in the proximal tubule segment of the zebrafish 
nephron (Verghese et al., 2008), followed at one-day post injury (dpi) 
by an accumulation of intraluminal cellular debris and a disorganized 
proximal tubular epithelium (Mccampbell et al., 2015; Zhou et al., 
2010). Cellular and functional disruption results in a failure to take 
up Dextran-FITC, that persists until 3 dpi (Diep et al., 2011). Around 
4 dpi, partial recovery of nephron function via “tubular regenera-
tion” can be observed by appearance of few Dextran-FITC labeled 
nephrons (Diep et al., 2011). This is caused by a repopulation of 
the basement membrane probably by proliferating tubular cells, a 
process similar to mammalian nephron regeneration (Diep et al., 
2011). At 5 dpi, cells within the proximal tubules start to display 
an epithelial organization as a single layer of cells and a restored 
luminal opening, leading to a complete recovery one week after 
gentamicin induced AKI (Mccampbell et al., 2015). 

“Neo-nephrogenesis” occurs in a partially overlapping time 
frame in order to replace severely injured nephrons that cannot 
be repaired (Mccampbell et al., 2015). Beginning at approximately 
5 dpi a small number of nephrogenic cellular aggregates begin to 
form by merging of nephron progenitors (Diep et al., 2011). By 7 
dpi, the number of aggregates increases and begins to show signs 
of proliferation and differentiation (Mccampbell et al., 2015). The 
aggregates undergo a mesenchymal to epithelial transition to form 

an epithelial ball also referred to as renal vesicle (Diep et al., 2011; 
Sander and Davidson, 2014). Eventually, the vesicles elongate 
showing comma- and S-shaped body stages and form a lumen 
within the second week after injury (Sander and Davidson, 2014). 
The immature tubules fuse into existing nephrons and mature in 
size and characteristics (Mccampbell et al., 2015; Sander and 
Davidson, 2014). At about 14 dpi the nascent nephrons exhibit 
functional brush borders, shown by positive Dextran-FITC uptake, 
indicating proximal tubule character (Mccampbell et al., 2015). 
The overall structure of the kidney is close to undamaged tissue, 
although immature nephrons can still be detected. At 21 dpi tissue 
staining reveals an absence of nephrogenic aggregates, suggest-
ing that the functionality of the regenerated kidney in zebrafish is 
restored between 2 and 3 weeks following damage (Diep et al., 
2011; Mccampbell et al., 2015).

The nature of progenitor/stem cells for kidney regeneration
The de novo formation of new nephrons is a feature, unique to 

fish, amphibians and reptiles. In zebrafish small cellular aggregates 
have been identified as the source of new nephrons. They are 
formed by the coalescence of multiple progenitor cells (Diep et al., 
2011; Zhou et al., 2010). In goldfish, similar findings were made, 
identifying basophilic clusters of cells as source of new nephrons 
after kidney injury (Salice et al., 2001). These clusters display 
an enlargement, lumen formation and maturation of nephrons. 
Similar observations have been made in medaka as well, where 
first repair processes of the damaged nephrons took place, fol-
lowed by development of new nephrons (Watanabe et al., 2009). 
Diep et al., (2011) addressed the question about the origin and 
stemness of the cell clusters by analyzing a transgenic zebrafish 
reporter line for lhx1a, a transcription factor active in “pre-tubular” 
aggregates during mammalian nephrogenesis. Studies of kidneys 
in this reporter line revealed three distinctive cell populations: (I) 
single cells with mesenchymal morphology that are suggested to 
be migratory, (II) homogeneous aggregates comprising few lhx1a 
expressing cells, and (III) renal vesicle-like bodies. Interestingly, in 
transplantation assays, only the cellular aggregates could engraft 
in recipient fish and generate new functional nephrons, suggesting 
that these comprise nephron progenitors that are long-lived and 
possess extensive proliferative potential, consistent with stem-cell 
activity (Diep et al., 2011). Because single cells failed to engraft, 
the question about the identity of the individual cells that form 
these nephrogenic clusters, and signals that regulates activation 
of lhx1a cells remains. It is also not clear whether lhx1a cells in 
zebrafish display an equivalent to mammalian nephron progeni-
tors (Diep et al., 2011; Kobayashi et al., 2005).

A molecular understanding of the processes involved in regen-
eration has already been gained in zebrafish models. Targeted 
knockdown in adult zebrafish fin tissue also showed that miRNAs 
are required not only for regeneration to occur, but also that they 
are involved the correct amount of outgrowth (Thatcher et al., 
2008; Yin et al., 2008). It would be interesting to investigate the 
role of miRNAs in zebrafish kidney regeneration, as in vivo abro-
gation of miR21 delayed regenerative responses of the kidney in 
the Killifish Nothobranchius furzeri (Hoppe et al., 2015). With the 
explosion of genome modifying applications, comes the chance to 
look at the roles of specific genes and their requirements during 
regeneration. Although the signal that activates and modulates 
neo-nephrogenesis in fish is not known, there is some evidence 
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that systemic signals play a role (Elger, 2003). A partial unilateral 
nephrectomy caused induction in nephrogenesis of the contralat-
eral portion of the kidney. The remote site of the affect suggests 
a circulating substance that activates or initiates regenerative 
processes. Comparative metabolomics analysis between dam-
aged and control kidneys in the hours following kidney damage 
could highlight differences. With many candidates, the strength 
of large-scale zebrafish screens could help with a kidney-specific 
functional screen (Cianciolo Cosentino et al., 2013). 

Another aspect that should be considered is the ability of fish 
to detect changes in salt or fluid. Certain species of fish are able 
to survive in both fresh- and saltwater environments, as nephron 
numbers can adapt to the environments (Reviewed in (Davidson, 
2011). Some authors discuss that although there are not many 
studies where the effect of the environment has been linked to 
kidney function, some species increase GFR when moved from 
fresh-to saltwater (Moriarty et al., 1978). Some hypothesise (Da-
vidson, 2011) that low blood pressure requires fish to have neph-
rogenic capacity in order to adapt. Measurements of glomerular 
filtration rates (GFR) are related to pressure (lower GFR = lower 
pressure) and in the river Lamprey (Lampetra fluviatilis), single 
nephron filtration rates were found to be roughly 4 times lower 
than the recordings from rat (Moriarty et al., 1978). It is suggested 
that this reduces the ability of fish to increase pressure to adapt to 
reduced kidney function. These ideas could potentially be tested 
experimentally with kidney damage performed in murine models 
with lower blood pressure or conversely seeing if mild increases 
in the blood pressure of fish reduce their need or ability to perform 
nephrogenesis.

A better understanding of the molecular and cellular events 
underlying de novo formation of kidney structures in fish could 
help to resolve limitations of kidney regeneration in humans. 

Age-related regeneration

In almost all organisms one can observe aging, being defined 
as gradual decline in physical, physiological and mental abilities, 
with homeostatic imbalances and a decreased capacity to respond 
to stress. On a cellular level, aging is thought to be the result of 
several factors, such as accumulation of ROS due to a decline 
in mitochondrial function (Harman, 1972), accumulation of DNA 
damage and telomere shortening (Hasty et al., 2003), resulting in 
cellular senescence, increased inflammatory response and altered 
cellular response to injury. As our society ages, we are encounter-
ing increases in age-related kidney disease in aged populations 
(reviewed in (Schmitt and Melk, 2017)); and as research into aging 
and associated clinical problems increases, we are finally able 
to ask important socially relevant questions. In regards to kidney 
regeneration specifically, what can we learn from animal models 
that either exhibit or don’t exhibit aging phenotypes, and how can 
we relate these questions to improve human health-span? 

During aging a general decline of the regenerative response 
in tissues is observed, being the result of a decreased number of 
adult stem and progenitor cells. Next to their regenerative func-
tions, these cells usually modulate maintenance and repair of tis-
sues (Conboy and Rando, 2005). This age-dependent decrease 
is thought to be the result of changes in in the stem cell niche in 
addition to local and systemic factors, resulting in an inhibition and 
decline of regenerative activities. In 2005 Conboy and colleagues 
showed that parabiotic pairings of young and aged mice led to 
significantly improved regenerative capacity of muscle and liver in 
old mice. They could determine that pre-existing old muscle stem 
cells (satellite cells) are positively influenced by systemic factors of 
young mice (Conboy et al., 2005). Due to changed gene expression 
and telomere shortening, cells reach a finite lifespan, termed as 

Fig. 5. Age-dependent changes 
in the kidney. (A) Human kidney 
function reduces with age as seen 
in (Davies and Shock, 1950). (B) Hu-
man kidney diseases can be studied 
in animal models. Loss of Wt1 in the 
mouse can cause glomerulosclerosis 
as seen by an increase of sclerotic 
tissue (adapted from (Gebeshuber et 
al., 2013)). (C) Graphical estimation 
of lifespan data for N. furzeri (red), 
M. musculus (green) and D. rerio 
(blue). Median and 75% lifespans 
were determined (see colored dot-
ted lines) to highlight the large dif-
ferences between these lab-based 
animal models. This data serves as a 
rough estimation of lifespans based 
upon data from (Gerhard et al., 2002), 
C57BL/6J mouse lifespan from jax.
org and (Wendler et al., 2015). Animal 
pictures adapted from zdmsociety.
org, FLI fish facility, jax.org.
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“cellular senescence” (Hayflick and Moorhead, 1961). Senescent 
fibroblasts for example are known to secrete epithelial growth fac-
tors, matrix metalloproteinases and inflammatory cytokines, leading 
to an alteration in the tissue structure and causing local inflammation 
(Campisi, 2005). These effects foster a microenvironment, promot-
ing age-associated diseases and neoplastic transformations in old 
organisms, like atherosclerotic and hyperplastic epithelial lesions.

As aging effects the whole organism, clear signs of functional 
decrease can be observed in the kidney as well. In 1950, Davies 
and Shock reported an inverse relationship between glomerular 
filtration rate (GFR) and age (Davies and Shock, 1950) measuring 
the urinary clearance of inulin in individuals aged 24 to 89 years. 
More recently scientists have shown a significant reduction of the 
GFR by 22% in humans ≥55 years compared to younger individuals 
(Hoang et al., 2003). One of the biggest studies in humans is the 
Baltimore Longitudinal Study of Aging (BLSA), measuring GFR 
by creatinine clearance, next to other aging associated factors. 
Combining data from the Baltimore Longitudinal Study of Aging 
(BLSA), a large-scale study of human aging (Ferrucci, 2008), 
biopsies of kidney donor transplantations and healthy kidney tis-
sue of nephrectomy patients, Wheeler and colleagues analyzed 
gene expression and identified 630 genes being changed during 
aging. 101 of these genes showed expression-associated single 
nucleotide polymorphisms (SNPs) correlating with GFR decline 
(Wheeler et al., 2009). Already in 2004, transcriptional profiling of 
the aging human kidney was done, identifying 985 genes that were 
changed with age, being associated with immune cell response 
and extracellular matrix (Rodwell et al., 2004). Aging affects the 
kidney globally as decline in size is observed in cortex and me-
dulla (Lindeman, 1990). Implying a general decline of the repair 
and regeneration processes, several diseases of the kidney are 
associated with aging, like focal segmental glomerulosclerosis, 
interstitial nephritis or renal stones (Fig. 5 A,B) (Nitta et al., 2013). 

Fish models of aging and regeneration

Only a few studies have tried to address the age-dependency 
of regeneration in the adult zebrafish, looking at the caudal fin and 
heart. Caudal fin amputation experiments showed that 28-month-
old animals were able to regenerate to the same extent as both 
4-month and 12-month-old animals (Shao et al., 2011). These results 
were backed up by a further study that showed when comparing 
young fish (6-12 months) to older animals (26-36 months) similar 
regenerative capacities were described following fin amputation but 
also ventricular resection (Itou et al., 2012). In contrast to zebraf-
ish, Nothobranchius furzeri do show age-dependent differences. 

Nothobranchius furzeri, also known as the turquoise killifish 
belongs to the group of teleost fish and has, with 3-12 months, the 
shortest reported lifespan of a vertebrate in captivity (Valdesalici 
and Cellerino, 2003). The short lifespan of N. furzeri is an adapta-
tion to the special environmental conditions it has to deal with. N. 
furzeri shows clear signs of aging, such as accumulation of the 
aging markers lipofuscin in the liver and b-galactosidase in the 
skin (Terzibasi et al., 2008), impairment of mitochondrial function 
(Hartmann et al., 2011) and telomere shortening Hartmann et al., 
(2009). Additionally, changes in learning/behavioral capabilities, 
weakening of the color and muscle dysplasia are typical signs of 
aging in this fish. In a recent study, recovery from caudal amputation 
was reduced by more than 50% in aged animals. These reductions 

are most likely due to reduction in proliferation and an increase in 
apoptosis, suggesting that the response to amputation is initiated 
earlier and is more efficient in young fish (Wendler et al., 2015).

These findings suggest that while zebrafish do not exhibit age-
related losses in regenerative capacity, Nothobranchius furzeri 
shows clear signs of aging and loss of regenerative capacity with 
age, and could be of help to understand missing signals in those 
animals that do exhibit such phenotypes. Comparative studies with 
both fish species could lead to highly informative results, which 
could prove helpful for future clinical therapies. When comparing 
the lifespans of Nothobranchius furzeri (Killifish), Mus musculus 
(Mouse) and Danio rerio (Zebrafish) one can see a large difference 
(Fig. 5 C is a graphical reconstruction of data from (Gerhard et al., 
2002), jax.org and (Wendler et al., 2015)). With a median lifespan 
roughly three times longer than it’s distant relative N. furzeri, aged 
or old zebrafish would ideally be older than 3 years (at least 36 
months), for age-related experiments. And as this is not easy in a 
laboratory setting for time reasons, Nothobranchius furzeri can be 
used as an aged vertebrate in comparative studies. Age matched 
experiments in both fish species could help to understand the age-
related regenerative capacities and help us to better understand 
increases in kidney disease.

Kidney regeneration is a fascinating but understudied research 
field. The source of the regenerative capacity in fish must be further 
investigated, in order to see whether the resident progenitor cells 
are sufficient, or if as yet non-described stem cells are important 
for the initiation of regeneration. Secondly, an in-depth analysis of 
the age-dependency of regeneration is necessary. Learning which 
changes cause animal models to exhibit age-related phenotypes, 
whilst also finding out what can allow other models to have life-
long regeneration is a vital future direction. A field-wide definition of 
aged-fish will be important for further research. Fish models have 
the opportunity to be the basis for further human clinical treatments 
(Cao et al., 2009), with cell- and tissue-specific genome editing 
required in order to find the crucial signals for kidney regenera-
tion. Additional molecular studies are needed to find important 
pathways and signaling, which can also give insights for future 
pharmacological targets for human therapies. In the coming years, 
kidney regeneration research will become increasingly important, 
as the kidney is one of the organs most affected by the increase 
in human lifespan.
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